Synthesis of tetrasaccharide portion of ganglioside HPG-1 is described. The tetrasaccharide sequence, Fuc-(1,8)-Neu5Gc-(2,4)-Neu5Ac-(2,6)-Glc, was successfully assembled by a linear strategy, in which the 1,5-lactamized sialyl galactose acceptor and the 8-OLev-N-Troc-sialic acid donor were exploited as key units.
The profound structural and functional diversity of glycoconjugates in nature have attracted the long-term interest of scientists, because it is believed that clarification of the molecular basis of the interplay between the structures and functions of glycoconjugates should yield insight into various biological processes, including oncogenesis, cell differentiation, cell development, the cellular immune response, and viral infection. Moreover, it suggests possibilities for the development of carbohydrate-based molecular medicine.
Gangliosides from echinoderms, most of which have structurally specialized dimer or trimer of sialic acid residue in their glycan moieties, have potential as drug seeds in combating neuronal disorders, because they show neurotrophic effects on neuron-like cell lines, 1) but there is lack of literature on structure-activity relationships among echinodermatous gangliosides. To study structure-activity relationships, our research group has been tackling the chemical synthesis of echinodermatous gangliosides. [2] [3] [4] [5] Here, we report the synthesis of the glycan moiety of HPG-1.
Ganglioside HPG-1 (1) was isolated from the sea cucumber Holothuria pervicax together with structurally related gangliosides, HPG-7 and HPG-8.
6) This molecule showed neuritogenic activity toward rat pheochromocytoma PC-12 cell, like other HPG series of molecules. In view of carbohydrate chemistry, the tetrasaccharide sequence within HPG-1, Fuc-(1!8)-NeuGc-(2!4)-Neu5Ac-(2!6)-Glc, is a challenging class to synthesize in a stereo-controlled manner, since it has an unusual modification pattern in the penultimate sialic acid residue. The C8 hydroxyl group is fucosylated, C5 amine is glycolylated (hydroxyacetylated), and the anomeric side is flanked with another sialic acid residue, forming a tandem sequence linked through (2,4)-linkage (Fig. 1) . This complexity resists conventional synthetic approaches. To date, we have developed methods to synthesize the NeuGc-(2!4)-Neu5Ac-(2!6)-Glc sequence based on synergic use of the reactive 1,5-lactamized sialyl acceptor and the N-2,2,2-trichloroethoxycarbonyl (Troc)-protected sialyl donor, 2, 7) and have confirmed the efficacy of the 1,5-lactamized sialyl acceptor in constructing the Fuc-(1!8)-Neu sequence. 8) Our previous result for the synthesis of the Fuc-(1!8)-Neu disaccharide segment indicated that -selective fucosylation of the C8 hydroxyl group of sialic acid is difficult as well as -sialylation of it, despite the use of highly reactive fucosyl donors. 8) Hence, to boost the reactivity of the hydroxyl group, sialic acid had to be modified either at the functional or the conformational level; that is, to be transformed into either the N-trifluoroacetylated form or the 1,5-lactamized bicyclo-form. Furthermore, as for the synthesis of HPG-1 glycan, the fucosylated sialic acid residue has a glycolyl moiety on the amino group at C5. With this in mind, first we designed a convergent assembly of the tetrasaccharide. However, as depicted in Scheme 1, the previously reported Fuc-(1,8)-Neu glycosyl donor 3, 8) which was prepared via stereoselective fucosylation of the 1,5-lactamized sialyl thioglycoside acceptor, glycosylated the C4 hydroxyl group of 1,5-lactamized sialyl glucosyl acceptor 2 2) at very poor yield. In addition, the reaction provided a mixture of -and -isomers and (2,7)-regioisomers, which could not be completely separated by chromatographic separation. Because of the disappointing results of the convergent strategy, a stepwise approach was taken to synthesize the tetrasaccharide.
Previously, Tanaka et al. found that the introduction of a Troc group into the amino group at C5 enhances the reactivity of the C8 hydroxyl of sialyl acid, probably due to the avoidance of hydrogen bonding between the amino moiety at C5 and the hydroxyl group at C8. 9) With this in mind, the redesigned approach exploited -selective fucosylation of the C8 hydroxyl group of the N-Troc-protected sialic acid residue at the termini of the trisaccharide intermediate, which was compartmentalized into sialyl glucoside acceptor 2 and a suitably protected N-Troc sialyl donor. In accordance with the renewed strategy, the key penultimate sialic acid unit was designed as 8-O-levulinoyl N-Troc-protected form 7, as shown in Scheme 2. Compound 7 was efficiently synthesized from known sialic acid derivative 5.
10) Thus, compound 5 was first converted into 8,9-O-benzylidenated form 6, which was then subjected to reductive ring opening of the benzylidene group by BH 3 . NMe 3 and AlCl 3 11) to furnish a benzyl ether at C-9 and a naked hydroxyl at C-8, exclusively. The C8 hydroxyl group was tentatively capped with a levulinoyl group by treatment with levulinic acid, DCC, and DMAP in CH 2 Cl 2 , generating key sialyl donor 7. Next, disaccharide 2 (1.0 eq) was successfully sialylated at the C4 position with donor 7 (1.5 eq) in EtCN at À40
C. This was effected by NIS-TfOH 12, 13) and produced trisaccharide 8 in 40% yield along with its -isomer (10%). To the conversion of 8 into glycosyl acceptor form, the acetal moiety was hydrolyzed, and the resulting free hydroxyl groups were successively acetylated, followed by chemoselective cleavage of levulinoyl group with hydrazine acetate, affording trisaccharide acceptor 9.
14)
Fucosylation of the C8 hydroxyl group within trisaccharide 9 with glycosyl donor 10 15) in t BuOMe-CH 2 Cl 2 , 16) effected by NIS-TfOH, proceeded smoothly to generate tetrasaccharide 11 in 67% yield with exclusive stereoselectivity. In order to deliver HPG-1 glycan, tetrasaccharide 11 was then conveyed into the final manipulation, N-glycolylation and lactam opening. Thus, the treatment of 11 with zinc-copper couple in AcOH-(ClCH 2 ) 2 (1/1) 17) and subsequent treatment with benzyloxyacetyl chloride and N,N-diisopropylethylamine in pyridine replaced the Troc group with a benzyloxyacetyl group. Then the benzyloxycarbonyl (Cbz) group was introduced to the nitrogen within the lactam ring by treatment with CbzOSu and DIEA in THF, followed by mild basic hydrolysis and ensuing methylation of the newly generated carboxyl group with MeI and K 2 CO 3 in DMF, furnishing dimethyl ester intermediate. Next, all benzyl moieties were hydrogenolyzed over Pd(OH) 2 on carbon, and the resulting hydroxyl groups were acetylated to afford tetrasaccharide 12.
18) Finally, global de-O-acylation and saponification of 12 delivered HPG-1 glycan 13.
In conclusion, we succeeded in synthesizing the glycan part of ganglioside HPG-1 for the first time. Suitably protected N-Troc sialyl acid unit 7 was a linchpin in establishing the sequence Fuc-(1!8)-NeuGc-(2!4)-Neu5Ac, which served as an effective glycosyl donor in the sialylation of 1,5-lactam sialyl acceptor 2, and as an effective glycosyl acceptor in the next fucosylation at the C-8 hydroxyl group. This is the first report of assembly of an inner tandem of sialic acids (NeuGc and NeuAc). We are currently investigating the neurogenic activity of 13 toward PC-12 cells, and the results will be reported in the near future.
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